The carbon dioxide output of Lemna perpusilla 6746 on modified Hutner's media under light (dark) cycles of 8 (16) hours is entrained in either of two forms depending on the level of nitrate. With nitrate low or absent, the peak occurs shortly after the start of each dark period, and the minimum, shortly after the start of each light period. With 
The carbon dioxide output of Lemna perpusilla 6746 under combinations of dim red light and darkness appears to reflect the activity of a "circadian clock" with properties consistent with inferences from experiments on the photoperiod control of flowering in this short-day plant (2) . In the long-day plant L. gibba G3, several other respiratory functions also show circadian oscillations (4, 5) , although so far no attempt has been made to relate them to photoperiodism. Experiments with both species, as well as with similar systems using seedlings or other small plants, hold great promise for the analysis of photop2riodic timing. However, in order to take maximal advantage of such systems as well as avoid misleading results, their properties must be carefully studied. The work to follow illustrates both points: data that at first suggested inadequate entrainment of the carbon dioxide rhythm by certain photoperiodic cycles have led to the demonstration that a given photoperiodic cycle establishes two different patterns of entrainrnint depending on the composition of the medium.
MATERIALS AND METHODS
All experiments were conducted as described earlier (2) Media for the CO2 Output Assay. The basic medium (150 ml) into which each stock culture was poured for the CO2 output assays was generally 2, 1.5, 1.0, or 0.1 x full strength Hutner's. Occasionally, various strengths of a modified ("nitrogen-less") Hutner's medium containing CaCl2 instead of Ca(NO3)2 and without NH4NO. were used. A few experiments used medium filtered from stock cultures 3 to 4 weeks old. Except when otherwise noted, all media were adjusted to an initial pH of 6.1 to 6.4, supplemented with 1% (0.029 M) sucrose, and sterilized by autoclaving. Tryptone and yeast extract, when present, were used at 600 and 100 mg/liter, respectively. Other supplements are described as appropriate.
CO, Output Assay. The method already described (2) was used at first, but later it was modified substantially. The salient modification is that each gas channel, including one through a blank system containing no plants, is assayed not against a CO2 standard as before, but against the flow from an additional, parallel blank system. The recurring blank/blank reading provides a satisfactorily level base line against which, given a suitable display system, changes in the outputs of the experimental vessels (reading as experimental/ blank) should be directly evident. For this purpose, an individual strip-chart recorder established for each channel prints for the last minute that its particular channel is passing through the analyzer; the only exception is that all the recorders print the blank/blank (base line) values. Such display solves the data reduction problems experienced earlier when manual measurement and transcription were required to produce useful curves from data with shifting (ambient CO2) base lines, yet it does so avoiding the much more complex and expensive punch-tape/computer alternative.
As now routinely used, the apparatus monitors four experimental channels as well as one channel supplied with a known CO2 standard; the latter makes it possible to follow changes in ambient CO2 without sacrificing the level base line. Of course, the apparent changes in a CO2 standard read against the ambient (blank) are inverse to those actually occurring in the ambient. Typical records are shown in Figures 3 to 6 . A portion of the CO2 record included in Figure 3 shows that during the period of the experiment the ambient CO2 concentration varied quite widely. Other than causing the small perturbations evident in the base line, such Allowing in each case for the over-all trends, the maxima are at first as reported earlier: some perturbation shortly after the end of each light period, and then a substantial peak about 17 hr after the start of the light period. Later, however, the 17-hr peak is less and less prominent, while the other is eventually established as the sole maximum by the fifth full cycle. Further experiments of this kind, as well as a re-examination of RL Figure 2 , and the results are unequivocal. State II occurs from the start in old medium; the question is thus apparently not one of slow, unstable entrainment, but rather of different patterns or time courses in different media.
State II, then, might occur either because the medium has been depleted of some component or because it has been enriched by leakage of some materials from the plants-conceivably by a combination of these processes. The experiments presented in Figures 3 and 4 bear on this question. First (Fig.  3) , adding sucrose to old medium before reuse does not change its properties, so that exhaustion of carbohydrates is not involved. Secondly, state I appears to be more pronounced and long lived in concentrated than in normal strength fresh medium, whereas state II occurs from the start in dilute (0.1 X) fresh medium (Fig. 4) . Such results suggested that state II might result from the depletion of an inorganic component. Some initial attempts to identify that component are also shown in Figure 4 , in which supplementing 0.1 x medium with potassium phosphate equivalent to that in the 2x medium has no effect, while similar supplementation with calcium nitrate appears to elicit state I.
Additional experiments soon confirmed the possibility thus raised, that nitrate might be the active material, and some of the evidence is shown in Figure 5 . Here, state II occurs from the start in 2x nitrogen-less medium, and supplementation of the medium with either KNOs or NaNO, at 10 ms produces state I. Figure 5 also indicates that tryptone and yeast extract, which can serve as nitrogen sources to support some growth, do not restore state I. Supplementing nitrogen-less medium with ammonium salts only, or with ammonium plus tryptone and yeast extract (Fig. 6 ) also fails to elicit state I; only nitrate ions, of all the major components of the medium tested, will do so.
DISCUSSION
The basic observations are easily summarized. The time course of the carbon dioxide output rate of L. perpusilla on modified Hutner's media is entrained by light (dark) cycles of 8 (16) hr in either of two forms, depending on the level of nitrate. With nitrate low or absent, the peak rate occurs shortly after the start of each dark period, and the minimum shortly after the start of each light period, and there is little or no additional structure evident in the curve so described. With high nitrate, an additional (or the sole) major peak occurs about 17 hr after the start of each light period, and additional minor structure may occur during the light period; the minimum does not shift. Although the data presented here are entirely from experiments with 8 (16) hr cycles, other observations indicate that the generalization above holds for 24-hr cycles at least from 3 (21) to 18 (6) . As to the precise levels of nitrate required, in experiments testing 1, 10, 20, and 30 mm nitrate, the lowest level had no detectable effect and 10 mm appeared optimal. However, although no other single component of the medium will elicit what can thus be described as the nitrate peak, the peak itself, as well as the additional structure often visible during the light period, is typically more marked in full strength or concentrated Hutner's medium than in nitrogen-less media to which KNO3 or NaNO3 has been added. Compare, for instance, the curves for fresh media in Figures 1 and 2 or for 2X Hutner's in Figure 4 , with th-10 mm KNO3 or NaNO3 treatments in Figure 5 , even though full strength Hutner's medium itself contains 11 mM nitrate. Thus other ions, such as the K+ or Na+ added to, or the NH+ (normally 5 mm) absent from, the nitrogen-less medium, may modify the nitrate effect, perhaps by affecting either nitrate uptake or its subsequent metabolism.
With the data available, discussion of the mechanism resulting in the nitrate peak must be largely speculative; only the general context seems clear. The peak must indicate the enj1', J I"4 7i trainment of some process with respect to the light-on signal in a 24-hr photoperiodic cycle (2) . However, there is no reason to believe that nitrate is crucial to the entrainment itself.
Rather, the evidence suggests that the ion provides a marker for some portion of the entrained cycle that would otherwise be essentially featureless with respect to COS output. That the addition of nitrate to plant tissues can increase CO, output is well known (1, 7) ; but other nitrogen sources may do so as well. Unfortunately, none of the experiments known to the writer seems directly relevant to the long term, recurrent effects studied here. Thus the actual process reflected in the peak may be more or less closely related to nitrate itself, and a number of possibilities can be imagined.
The peak may represent the entrainment of some aspect of nitrate assimilation-nitrate reductase activity, for examplewhich is then reflected in over-all respiratory intensity. The increased CO. output might even be directly related to a role of nitrate as an electron acceptor (1 ply geometric reasons, the nitrate peak might depend on the over-all trend of CO, output in a culture, whatever interpretation might be placed on that trend itself (2). However, when even the few records presented in the figures are examined, and the trend at any time is estimated (for instance, by noting the level of successive daily minima), it will be evident that the presence or absence of the nitrate peak bears no relation to whether the trend is up, down, or essentially level. Whatever the underlying mechanisms, the phenomena described here are of the utmost importance for the interpretation of CO2 output data in studying photoperiodic timing. In the 1.0 or 1.1 x Hutner's medium used earlier (2), the nitrate peak is lost in 3 to 5 days (Figs. 1 to 3) . Hence, progressive changes in pattern previously attributed solely to the effect of a particular photoperiodic cycle must now be understood as resulting from the interaction of that schedule with the diminution and eventual loss of the nitrate peak. Specifically, for instance, although the general conclusion is still valid that the skeleton schedule ¼4 (10YV2) ¼4 (13) has different effects on the CO, output pattern depending on which dark period first follows continuous light, the details of the difference now require re-examination. Under more stable conditions, either with or without the nitrate peak, it may be possible to establish clearly whether, for example, Pittendrigh's model (6) , including its predictions of bistability, holds or fails in this system.
Thus, the present significance of this work can be summarized as follows. The demonstration that what appeared to be slow or unstable entrainment in at least some of the earlier data must have been the result of a change in the medium should make possible a clarification of their apparently ambiguous relation to particular models of entrainment. The identification of the change in question as the loss of high levels of nitrate is of interest in itself in terms of the relationship between nitrogen metabolism and respiration; it also allows for the introduction, at will, of what appears to be a "marker" for a particular phase of the entrainable circadian rhythm in Lemna. Finarlly, some reflection suggests that other such markers will be found through either the accidental or deliberate modification of nutritional or other conditions, thereby supplying both sources of confusion and potentially valuable tools in the study of biological timing as reflected in CO2 output and related respiratory phenomena in plants (2, 4, 5) .
